Abstract. The pain-induced activation of the sympatho-adrenal system is modulated by several brain areas, including brainstem catecholamine cell groups. In the present study, we evaluated the effect of bilateral lesions of the A5 or A7 cell groups or bilateral transections of brainstem catecholaminergic pathways on plasma catecholamine levels in Sprague-Dawley rats injected subcutaneously by formalin or saline. Plasma levels of both epinephrine and norepinephrine were slightly elevated after formalin injections within 15-30 min in rats with or without lesions of the A7 catecholamine cell group. However, saline but not formalin elicited a significant increase in plasma epinephrine level in both sham-operated and A5-lesioned groups. It is more likely, that formalin blocks the effect of the handling and the painful injection procedure. In rats with bilateral partial transections of the lower brainstem, formalin was more effective than saline in the elevation of plasma epinephrine and norepinephrine levels at several time-points through the investigation period. Our data indicate the involvement of A5 and A7 norepinephrine neurons and brainstem catecholaminergic pathways in the regulation of the activity of the sympatho-adrenal system during acute painful situations. Their modulatory effect, however, seems to be a very rapid one, short and moderate.
Introduction
Ascending brainstem catecholaminergic pathways, involving both ventral and dorsal noradrenergic bundles, may participate in the transmission of nociceptive signals to several forebrain areas that elaborate consequent behavioral and neuroendocrine responses to painful stimuli (Palkovits 2002) . Moreover, axons originating in A5-A7 noradrenergic cell groups participate also on descending modulation of transmission of pain at the level of spinal cord (Stamford 1995; Millan 1997 Millan , 2002 Nuseir and Proudfit 2000) .
Subcutaneous administration of formalin represents one of the most frequently used experimental models of pain in laboratory animals (Dubuisson and Dennis 1977; Porro and Cavazzuti 1993; Walker et al. 1999; Pacak and Palkovits 2001) . In conscious rats, subcutaneous formalin injection into the hind paw provokes a brief initial and a prolonged second phase characterized by behavioral responses, including intense licking, flicking and even biting of the injected paw (Abbott et al. 1995) . Moreover, administration of formalin evokes strong activity in the sympatho-neural system and hypothalamic-pituitary-adrenocortical axis. The activity of the adrenomedullary hormonal system depends on the concentration and volume of applied formalin solutions (Culman et al. 1997; Pacak et al. 1998; Mravec et al. 2004 Mravec et al. , 2005 .
In the present study we examined the effect of bilateral lesions of A5 or A7 noradrenergic cell groups, and the effect of bilateral transection of brainstem catecholaminergic pathways on the acute response to painful stimuli on the activity of the sympatho-adrenal system characterized by norepinephrine (NE) and epinephrine (EPI) levels in the plasma.
Materials and Methods

Animals
The experiments were carried out using male Sprague-Dawley rats weighing 330 ± 30 g (Charles Rivers, Gödöllő, Hungary). One week before starting experiments, animals were kept under controlled conditions in the animal room (12 h light/12 h dark cycle, lights at 06:00 h; temperature, 22 ± 1°C) with free access to tap water and standard pelleted rat chow. Experiments were performed between 08:00-12:00 h. All external noises or any other stressful stimuli were avoided.
Experiments were approved by the Ethics Committee of the Institute of Experimental Endocrinology, Bratislava, Slovakia and by the Ethic Committee of Semmelweis University, Budapest, Hungary (based on the European Communities Council Directive of 24 November 1986 (86/609/EEC) regarding the care and use of animals for experimental procedures).
Lesion of catecholamine cell groups and transection of catecholamine pathways
Rats were exposed to bilateral electrocoagulation of either the A5 or A7 cell groups, or bilateral mechanical transection of the brainstem catecholamine pathways. Interventions were performed 2 weeks before the experiments to provide adequate duration of time for regeneration of animals after brain surgery.
Lesions of A5 or A7 cell groups
Bilateral electrocoagulation of A5 or A7 cell groups were performed by platinum coated electrodes using a constant current device (Lesion Making Device, Ugo Basile). Parameters for guide of electrode tip according to stereotaxic atlas (Paxinos and Watson 1997 ):
• A5 cell group: antero-posterior = −10.1 mm; vertical = -9.9 mm, horizontal = ± 2.3 mm; • A7 cell group: antero-posterior = −8.0 mm; vertical = −8.6 mm, horizontal = ± 1.7 mm. Current intensity: 35 mA, duration of current flow: 25 s. Success of lesion was evaluated after the experiment by slicing of brains (for details, see Kvetnansky et al. 2006) .
Transection of brainstem catecholaminergic pathways
Parameters for guide of "glass knife" prepared from standard microscopic cover glass (Palkovits et al. 1982) according to stereotaxical atlas (Paxinos and Watson 1997) : anteroposterior = −8.2 mm; vertical = −11.0 mm, horizontal = ±1.8 mm. The width of knife was 1.5 mm. The declination of knife was approximately 9° (for details see Kvetnansky et al. 2006) . Brainstem catecholaminergic pathways were transected bilaterally. The success of transections was evaluated on histological sections at the end of the experiment.
Sham-operations
The animals were treated as the operated ones (anesthesia, fixation of the head in the stereotaxic device, open the skull and the dura) but no electrodes or knives were introduced into the brain. The post-surgical procedure and treatments were the same as for operated rats.
Cannulation of the tail artery
One day prior to blood sampling, the rats were anaesthetized with a mixture containing 60 mg/kg ketamine and 7.8 mg/kg xylazine. A permanent cannula (silicon tubing, inner diameter 0.5 mm, external diameter 0.9 mm, Becton-Dickinson, Parsippany, NJ, USA) was implanted into the tail artery (Chiueh and Kopin 1978) . The free end of the cannula was drawn under the skin to the back of the neck and exited to the top of the cage through a flexible stainless steel spring fixed to the skin by adhesive tape. The tube was flushed with heparinized saline (300 IU/ml). This procedure allows frequent blood sampling from freely moving rats without any influence of unwanted stressors. After cannulations, rats were housed individually.
At each collection, 0.5 ml of blood was obtained and the same volume of heparinized saline (50 IU/ml) was injected back, as a replacement for the lost volume.
Experimental design
The animals have been divided into 8 groups:
• sham-operated rats with saline or formalin injections, • A5-lesioned rats with saline or formalin injections, • A7-lesioned rats with saline or formalin injections, • pathways-transected rats with saline or formalin injections.
Immediately after the baseline blood collection through the chronically implanted tail artery, animals were handled and either 0.2 ml/100 g b.w. of 4% formalin solution or equal volume of saline were injected subcutaneously into hind limbs. Then, blood samples were collected 5, 15, 30, 60 and 120 min after injections.
Analysis of blood samples
Blood plasma was separated by centrifugation and stored at −70°C until assayed for catecholamines. Plasma levels of EPI and NE were measured by radioenzymatic assay (Peuler and Johnson 1977) . Shortly, catecholamines present in plasma aliquots were converted into their labeled O-methylated derivatives by using S-[3H]-adenosylmethionine (Amersham, Little Chalfont, UK) and a lyophilized catechol-O-methyltransferase isolated from rat liver. Then, the O-methylated derivatives of the amines were extracted along with unlabeled carrier compounds, separated by thin-layer chromatography, eluted and reacted with periodate. The detection limit was 5 pg EPI or NE per tube.
Statistical analysis
Statistical analysis of the data was performed by repeated measures ANOVA, using the different treatments as between-subject factor and the different time points when blood sampling occurred as within subject factor. All data are expressed as means ± SEM. p < 0.05 was taken as indicative of statistical significance for the tests.
Results
Effect of catecholaminergic cell groups lesion or transection of catecholaminergic pathways on baseline plasma catecholamine levels
Bilateral electrocoagulation of A5 or A7 noradrenergic cell groups or transection of brainstem catecholaminergic pathways did not affect significantly baseline plasma EPI and NE levels (Tab. 1).
Saline and formalin injections into the sham-operated animals
A slight but insignificant increase in plasma EPI levels was recorded in sham-operated rats 5 min after injections of saline. This level was gradually depleted to the initial concentration by 120 min. Formalin injection elicited an increase in plasma EPI levels by the 30 th min. Then, the values in different time points of the investigated period remained elevated or gradually decreased by the end of the investigation period (Fig. 1A) .
Plasma NE concentrations were elevated by 5 th and 30 th min after saline injections, and then the values returned to the initial levels. The formalin-induced elevations in NE levels were also slight, but somewhat higher than those recorded after saline injections, and they stayed in that level till 120 min (Fig. 1B) .
Saline and formalin injections to A5-lesioned animals
Saline elicited very high plasma EPI concentrations in the first 5 min, much higher than in sham-operated rats. This high level was decreased gradually by time, but it remained still higher than that in sham-operated rats up to 60 min after injection (Fig. 1A) . Formalin elicited any alterations in plasma EPI levels during the investigated period, although the values were somewhat higher than those elicited by saline (Fig. 1A) . A5-lesioned rats established moderate elevations in plasma NE levels in the first 5 min after saline injections, as high as after formalin injections (Fig. 1B) . Both values were higher than those in the formalin-or saline-injected sham-operated group. In further time points, plasma NE concentrations in formalin-injected rats remained high till 30 min, while the saline-injected group returned to the initial level by that time (Fig. 1B) .
Saline and formalin injections to A7-lesioned animals
Bilateral lesions of the A7 group did not alter plasma EPI levels in response to either formalin or saline injections ( Fig. 2A) .
Formalin injection produced an immediate increase in plasma NE levels in sham-operated animals. This concentration, about twice as high as the initial value remained unaltered tills the end of the sampling (Fig. 2B) . Although the NE concentrations were somewhat higher, it should be noted that the formalin-induced elevation of plasma NE levels were almost the same as after saline injections (Fig. 2B ).
Saline and formalin injections to animals with transected brainstem catecholaminergic pathways
Injection of saline produced a rise in the plasma EPI concentration 5 min after application. Then, this level declined between 15 and 60 min, and further declined by 120 min, down to the initial concentration (Fig. 3A) . In contrast, formalin elicited high plasma EPI levels by 60 min which were depleted by the end of blood sampling. In comparison, formalin was more effective on plasma EPI concentration in transected rats than saline (Fig. 3A) .
Both injections of formalin and saline elicited a moderate rapid increase in plasma NE level at the first 15 min, then the levels are dissociated: they were stable in the saline-treated rats, but they further elevated in the formalin-injected group (Fig. 3B) . Application of saline or formalin in all above mentioned experiments was performed in handled animals. Therefore saline-or formalin-induced changes in plasma catecholamine levels represents combination of effects of handling and injection of saline or formalin.
Discussion
Nociceptive signals from the spinal cord and the brainstem reach neurons in the lower brainstem catecholaminergic cell groups (Menetrey and Basbaum 1987; Lima et al. 1991; Tavares et al. 1996; Palkovits et al. 1997; Palkovits 2002) . Here, we investigated the effect of lesioning of selected catecholamine neurons or pathways in the lower brain stem on the activity of the sympatho-adrenal system in response to acute painful stimuli.
Both ascending and descending axons arise in brainstem catecholamine neurons. The ascending ventral and dorsal noradrenergic bundles originating mainly in neurons located in the A1/A2 and C1/C2 cell groups reach in various parts of the forebrain and participate in behavioral and neuroendocrine response to the painful stimuli (Palkovits 2002) . In addition to ascending catecholamine pathways, descending pathways also arise in the lower brainstem and participate in pain inhibition (Millan 1997; Willis and Westlund 1997; Barnes and Sharp 1999; Millan 2002) . The spinal cord is directly innervated by A1/C1, A5, A6 and A7 catecholamine groups of the brainstem (Kwiat and Basbaum 1992; Tavares et al. 1996; Westlund and Craig 1996) . Combinations of immunohistochemical and track tracer techniques have shown that axons of A5-A7 cell groups of the pons densely innervate dorsal horns of spinal cord. This arrangement of catecholaminergic synapses constitutes basis for modulation of processing of nociceptive signals at spinal cord level (Byrum et al. 1984; Hagihira et al. 1990; Clark and Proudfit 1991; . Experimental data suggest that signals produced by formalin-induced chemical and/or inflammatory nociception are under the modulation of the monoaminergic (noradrenergic and serotonergic) descending inhibitory systems (Omote et al. 1998 ). Experiments using electrical or chemical stimulation methods confirmed involvement of A5 and A7 region in modulation of nociceptive processes in the spinal cord (Stamford 1995; Nuseir and Proudfit 2000; Bajic and Commons 2010; Marques-Lopes et al. 2010 ). A5 and A7 neurons act as sympathetic premotor neurons by innervating the intermediolatral cell column in the thoracic spinal cord and activate the sympatho-adrenal system for responding to painful stimuli. Therefore we investigated the effect of bilateral electrolytic lesion of A5 or A7 cell groups on sympatho-adrenal system responses (acute epinephrine and norepinephrine release) in rats injected by formalin or saline.
The formalin test represents one of the traditional animal models of pain in small laboratory animals (Dubuisson and Dennis 1977; Culman et al. 1997; Henry et al. 1999) . Formalin pain elicits activation of brainstem areas involving catecholaminergic groups (Palkovits et al. 1995; Palkovits et al. 1997) . Subcutaneous applications of formalin elicit pain behavioral responses (Abbott et al. 1995) , increase the blood pressure and heart rate (Culman et al. 1997) , and elevate the levels of NE, ACTH, corticosterone and prolactin in the plasma (Kant et al. 1982; Pacak et al. 1998; Vissers et al. 2004 ). However, epinephrine secretion depends on the concentration and the volume of applied formalin solution (Culman et al. 1997; Pacak et al. 1998; Mravec et al. 2004; Mravec et al. 2005) .
Handling, a necessary component of manipulation with animals during injection of formalin, significantly Figure 3 . Effect of handling combined with subcutaneous injection of saline (; n = 8) or formalin (∆; n = 8) to rats with transected catecholaminergic pathways or sham-operated rats injected by saline (  ; n = 9) or formalin (; n = 9) on plasma epinephrine (A) and norepinephrine (B) levels. Each value is the mean ± SEM. * p < 0.05 vs. formalin group; # p < 0.05 vs. saline group.
elevates EPI and NE plasma levels (Kvetnansky et al. 1978; Dobrakovova and Jurcovicova 1984; Castagne et al. 1987; Kvetnansky et al. 1992) . However, in our experiments we observed attenuated EPI release in first 15 min after formalin administration in handled animals. These observations are consistent with our previous reports showing that subcutaneous injection of 0.2 ml/100 g b.w. of 4% formalin attenuates stress-induced elevations of EPI in the plasma during first 15-30 minutes after application (Mravec et al. 2004 (Mravec et al. , 2005 . Formalin acts on EPI and NE levels in both sham-operated and transected rats. Only differences that formalinelicited high plasma EPI and NE levels diminished by 180 min, while it was constantly high in transected animals. This observation indicates that formalin may act on sympathetic cells in the spinal cord. The transection of the ascending ventral and dorsal catecholaminergic bundles may influence the activity of certain forebrain neurons (O'Donohue et al. 1979) but not the supraspinal pain-inhibitory system. A7 lesions did not block formalin-induced elevation on either EPI or NE levels in the plasma, the sympatho-adrenal system immediately activated, like in sham-lesioned rats. The effect of lesions seems to be a long-acting one, constantly high values at the end of the experiment (180 min), while somewhat declined in sham-operated animals. This finding clearly suggests that A7 noradrenergic neurons have minor effect on pain-related peripheral catecholamines release from the adrenal or sympathetic nerve terminals.
The A5 cell groups represent the major sympathetic premotor cell population that innervate the sympathetic preganglionic neurons, their bilateral lesions do not prevent a short-term response (acute NE release) to either saline or formalin injections (Fig. 1) . It may tell us that: 1) the majority of A5 neurons are lesioned, and 2) formalin-pain may be less effective in this response than handling and the injection procedure itself. It clearly shows in EPI responses: saline elicited very strong but short lasting effect in lesioned rats, while formalin did not elicit NE release either in shamoperated or A5 lesioned rats. It is necessary to take in consideration that electrolytic lesion of A5 cell groups affects both noradrenergic neurons and pathways running through lesioned brain region.
One point, however, should be underlined. Either A5 or A7 lesions, even bilateral transactions of ascending catecholaminergic pathways at pontine level failed alone to make long-lasting dramatic changes in plasma EPI or NE levels. This observation supports the former hypothesis, that the brainstem catecholaminergic neurons constitute a system (or ascending and descending systems), lesioning of any parts of this system, the other (surviving) neurons are able to compensate the lost of the lesions one. This compensation may be not as complete as the response of intact rats but they are able to keep the "system" working. This ability of the system should be, in certain cases, important to keep the animals alive in tough stressful conditions.
